The present study aimed to evaluate the expression of CD80 and CD18 in subpopulations of peripheral blood leukocytes and oxidative kidney damage in rats with nephrotic syndrome (NS) induced by doxorubicin (Dox) in comparison to control animals at different time points. Male adult Wistar rats were submitted to 24-hour urine and blood collection for biochemical and immunological analysis at 7, 14, 21, and 28 days after Dox injection. After euthanasia, the kidneys were removed for histological analysis and the evaluation of oxidative stress. The phenotypic characterization of leukocytes was performed using flow cytometry. Dox-injected animals exhibited increased CD18 expression in cytotoxic T lymphocytes, NK cells, and monocytes and high CD80 expression in monocytes. Kidney oxidative damage was positively correlated with CD80 expression in monocytes and serum levels of creatinine. These results suggest that phagocytic and cytotoxic cells are preferentially recruited to the tissue injury site, which may contribute to kidney dysfunction in this animal model of NS. The blockade of integrin and costimulatory molecules may provide new therapeutic opportunities for NS.
Introduction
Nephrotic syndrome (NS) is a fairly common glomerulopathy in both children and adults characterized by proteinuria, hypoalbuminemia, generalized edema, and hyperlipidemia [1, 2] . NS can be caused by a primary renal lesion or associated with a systemic disease [1, 2] . The term idiopathic nephrotic syndrome (INS) refers to the condition caused by a primary renal lesion in which kidney histology varies from minimal podocyte changes (minimal change NS) to focal segmental glomerulosclerosis [1, 2] . Despite advances in INS studies in recent decades, the pathophysiology of this disease remains unknown.
Some studies suggest an important role of the immune system in triggering or maintaining INS, such as an abnormal T lymphocyte response and the increased release of local cytokines (see [3] , for review). A tubulointerstitial inflammatory infiltrate of mononuclear cells, predominantly monocytes/macrophages and T lymphocytes, has been observed in the early stages of INS [4] [5] [6] . The intensity of the inflammatory infiltrate has been associated with a reduction in glomerular filtration, protein deposition in the extracellular matrix, scar tissue formation, and subsequent interstitial sclerosis [4, 7] . Children with focal segmental NS have more lymphocytes and macrophages in renal tissue than those with minimal change NS [6] .
Kidney injury in INS may also be related to oxidative tissue damage through the increased production of reactive oxygen species (ROS) [8] [9] [10] . Recent studies have shown that patients with NS patients have higher levels of ROS than healthy controls [9] . Lipid peroxidation products have been associated with animal models of NS [8, 10, 11] , while changes in the activity of superoxide dismutase (SOD) and catalase have been detected in the plasma of patients [9] and the renal tissue of animals with NS [10, 11] .
As cytotoxic phagocytic cell involvement occurs in the development of kidney damage in NS [6, 7, 12] and macrophage-free radicals participate in the process [13, 14] , it is likely that changes in the activation and migration of these cells influences the course of the disease. The activation of T cells requires two types of signals: (1) the connection between the T cell receptor and antigen presented by the major histocompatibility complex class II in antigen presenting cells (APCs) and (2) the costimulatory signal between the CD28 molecule on the surface of T cells and the CD80 molecule (B7-1) on the surface of APCs [15] [16] [17] . In the cell migration mechanism, leukocyte integrins and intercellular adhesion molecules play essential roles in the attachment of leukocytes to target cells and extracellular matrix [18, 19] . After injury, chemotactic signals from the inflammatory site activate integrins and induce the attachment of leukocytes and their penetration of the vascular wall [20] .
Experimental models, such as chemotherapeutic induction using doxorubicin, have contributed to the understanding of the pathophysiology of NS [21] . In rodents, this drug induces kidney damage similar to that found in patients with NS [3, 22] . The aim of the present study was to investigate the expression of CD18 integrins and the costimulatory molecule CD80 in peripheral blood leukocytes associated with changes in leukocyte counts and oxidative activity in the kidneys of rats with doxorubicin-induced NS.
Methods

Animals.
Sixty-four male Wistar rats aged six to eight weeks (body weight: 250 to 300 grams) were obtained from the animal housing facilities of the Federal University of Minas Gerais (Brazil) and kept under controlled environmental conditions with free access to food and water. The experimental protocol was approved by local animal experimentation ethics committee.
Induction of Nephropathy.
The animals were divided into two groups: an experimental group ( = 32) that received a single dose (7.5 mg/Kg) of doxorubicin (Dox) (DoxolemFarmaclinic, Belo Horizonte, Brazil) in the tail vein and a control group ( = 32) that received phosphate-buffered saline (PBS; 0.15 mol/L sodium chloride, 0.01 mol/L phosphate buffer at pH 7.4) under the same conditions [2, 23, 24] . Animals were euthanized under anesthesia (ketamine : xylazine, 60 : 8 mg/Kg body weight) on Days 7, 14, 21, and 28 after Dox or PBS injection. Blood and kidneys were collected for immunological and biochemical assays.
Kidney Function
Assay. Kidney function was evaluated using 24-hour urine samples collected in metabolic cages on Days 0 (before injection), 7, 14, 21, and 28. Cobas Mira Plus was used to analyze the blood and urine samples (Roche AG, Switzerland). Commercial kits (Bioclin-Quibasa, Belo Horizonte, Brazil) were used to measure creatinine (K067) and albumin (078).
Peripheral Blood Leukocyte
Count. Blood leukocytes were counted using a CELM CC-550 cell counter (CELM, Barueri, SP, Brazil). Differential white blood cell counts were performed in blood smears using an optical microscope (Olympus-BX41 TF, Japan) after May-Grunwald-Giemsa staining.
Histological and Morphometric Analyses.
A portion of the kidney was used for the histological and morphometric assays. Kidney tissue was fixed in 4% paraformaldehyde (pH 7.2) for two hours and transferred to Bouin's solution for four hours. After dehydration, tissue samples were embedded in paraffin and serial horizontal sections (thickness: 4 m) were stained with hematoxylin and eosin (HE) and Gomori ammonium silver for the analysis of morphological changes and kidney fibrosis. Histological images were captured using conventional microscopy and scanned by a microcamera attached to the microscope (Leica DM5000B DFC340FX). The Image J1.43 software for Windows Vista/7 (http://rsb.info.nih.gov/ij/) was used for the analysis of the images.
Cell Surface Staining and Flow Cytometry Analysis.
Whole peripheral blood (50 L/sample) was incubated with monoclonal antibody for the following surface markers: anti-CD3, anti-CD4, anti-CD8 (Becton & Dickinson, San Jose, CA, USA), anti-CD80, and anti-CD18 (Caltag-Medsystems Limited, Buckingham, UK) conjugated with fluorescein phycoerythrin (PE), isothiocyanate (FITC), or biotin in the dark for 30 minutes at room temperature. After incubation, the erythrocytes were lysed with Optilyse-B solution (Immunotec, USA). The cells were washed twice in 1 mL of cold PBS (pH 7.4). The biotinylated antibodies were revealed using streptavidin-FITC (Becton & Dickinson, San Jose, CA, USA) as described elsewhere [25] . Data acquisition was performed using FACScan (Becton & Dickinson, San Diego, CA, USA). Cell acquisition was processed and analyzed using the Cell Quest software (Becton & Dickinson, San Jose, CA, USA (SSC × FSC graph). These cells were then analyzed for their expression (frequency and mean fluorescent intensity (MFI)) of a given marker using histograms with markers set based on negative isotype controls.
Redox Status.
Kidney samples were frozen in liquid nitrogen and stored at −80 ∘ C. Fragments were weighed after thawing and macerated/homogenized with PBS. Redox status was assessed using a method employed elsewhere [26] . Briefly, tissue levels of thiobarbituric acid reactive substances (TBARS), which include malondialdehyde (MDA), were determined by reaction under acidic conditions (90 ∘ C for 90 minutes) and analyzed on a microplate (532 nm). Catalase activity was determined by absorbance decreased in a hydrogen peroxide medium using a spectrophotometer (240 nm). SOD activity was calculated based on the autooxidation inhibition of pyrogallol (50%). Absorbance was measured on a microplate (420 nm). The Bradford method was used to determine the protein concentration with bovine serum albumin as the standard [26] .
Statistical Analysis.
The results were expressed as mean ± standard error of the mean, with a significance level of 95% ( < 0.05). Either analysis of variance (ANOVA) and Tukey's post hoc test or the Kruskal-Wallis test and the MannWhitney post hoc test were used for multiple comparisons within groups. Differences between groups were evaluated using either Student's -test or the Mann-Whitney test, depending on the distribution of the data (normal or nonnormal). Pearson's correlation coefficients were calculated to determine the strength of associations between different variables. All analyses were performed using the Statistical Package for Social Sciences version 17.0 (SPSS, IBM, USA).
Results
Dox Induced Renal Changes. The biochemical results
showed that the Dox group developed kidney damage, as evidenced by albuminuria and increased urine albumin/creatinine ratio ( < 0.05) at every time-point (Days 7 to 28) ( Table 1 ). Previous studies have described the same response in an animal model using doxorubicin [27, 28] .
Histological Results.
At Day 28 after the injection of Dox, a reduction in glomerular cells and an increased tubular interstitial cellularity were found (Figure 1 ). Gomori ammonium silver staining revealed interstitial expansion in the Dox group (Figure 1(f) ), demonstrated by the increased thickness of the basement membrane of the tubules and glomeruli and signs of focal segmental glomerulosclerosis and characterized by partial obliteration of glomerular capillaries (Figures 1(e) and 1(f)).
Frequency of Leukocyte Subpopulation in Peripheral
Blood. In the early stage of the disease (Day 7 after injection), a significant reduction in the total leukocyte count was )): normal tissue appearance (HE and Gomori ammonium silver, resp.); Dox group ((c) and (d)) Day 28 after doxorubicin injection: reduction in glomerular cellularity and increased tubulointerstitial cellularity (HE). Dox Group ((e) and (f)) on Day 28: areas of hyaline deposits and interstitial expansion (HE and ammonia Silver, resp.). Focal glomerulosclerosis with partial obliteration of glomerular capillaries in (f) (Gomori ammonium silver). Scale bar 100 m.
found in the Dox group in comparison to the control group (Table 1) , especially regarding the percentage of monocytes and neutrophils (Table 1) . Interestingly, in the intermediate phase (Day 14 after injection), the leukocyte production was recovered and increased in the Dox group in comparison to the control group (Table 1) , with an increase in the number of monocytes and neutrophils, but a reduction in the number of lymphocytes ( Table 1 ). The total amount of leukocytes remained increased in the late stages of the disease (Days 21 to 28 after injection) in the Dox group, but with no significant difference when compared to the control group ( Figure 2 : CD18 expression in CD8 + T lymphocytes and NK cells from rats with nephrotic syndrome induced by doxorubicin and control animals in ex vivo condition. Blood leukocytesin rats ( = 32) that received a single dose of doxorubicin in the tail vein (7.5 mg/kg) and control rats ( = 32) that received PBS in the same condition were stained ex vivo for CD18 and CD8 expression. Data were collected using flow cytometry and analyzed using CellQuest software. Graphs (a) % of CD18 (Figures 2(a) and 2(b) ). The frequency of NK cells (SSC int CD8 low+ CD18 + cells) and MFI were also increased in the Dox group (Figures 2(c) and 2(d) ) in comparison to the control group. Monocytes in the Dox group also had increased CD18 and CD80 expression (Figures 3(a) and 3(b) ). In monocytes, a slight reduction in the expression of CD18 and CD80 was found at Day 21 in comparison to the early stages (Days 7 and 14), but remained significantly higher in comparison to the control group (Figures 3(a) and 3(b) ). On Day 28, no difference was found in CD18 and CD80 expression in monocytes (Figures 3(a) and 3(b) ). There was no significant difference in CD18 expression in neutrophils between groups (data not shown).
Correlations among Lipid Peroxidation, Antioxidant Activity in Kidney Tissue, and Costimulatory Molecules in Dox
Group. Lipid peroxidation is a well-defined mechanism of cell damage that occurs in vivo in different disease states. Lipid peroxides are unstable markers of oxidative stress that decompose to form complex, reactive by-products. In the initial stage (Day 7), increased lipid peroxidation (MDA) was found in the kidney tissue in the Dox group in comparison to the control group (Table 1) . However, a progressive reduction in MDA concentration in kidney tissue occurred in the Dox group from Days 14 to 28 ( Table 1 ). The antioxidant activity of SOD and catalase in kidney tissue was also evaluated and did not differ significantly between groups (Table 1) . Correlation analyses were performed to gain insights into the redox state, antioxidant activity, and costimulatory molecule. Interestingly, positive correlations were found between MDA and renal parameters, such as catalase activity in kidney tissue, serum creatinine concentration, and CD80 expression in peripheral blood monocytes (Table 2 ).
Discussion
Experimental models contribute to the understanding of pathophysiological mechanisms and therapeutic approaches for NS [ Figure 3 : CD18 and CD80 expression in total monocytes from rats with nephrotic syndrome induced by doxorubicin and control animals in ex vivo condition. Blood leukocytesfrom rats ( = 32) that received a single dose of doxorubicin in tail vein (7.5 mg/kg) and control rats ( = 32) that received PBS in the same condition were stained ex vivo for CD18 and CD80 expression. Data were collected using flow cytometry and analyzed using CellQuest software. Graphs (a) MFI of CD18 + monocytes and (b) MFI of CD80 + monocytes show expression of the given marker in lymphocytes. The data expressed as mean ± standard error for Dox group (black bars) and control group (grew bars).
* < 0.05 for the comparison between Dox and control group at the same time-point (Student's -test). nephropathy using doxorubicin [3, 22, 29] . In the present study, animals injected with doxorubicin exhibited albuminuria and an increased albumin/creatinine ratio, which is in agreement with data described in the literature [27, 30] . Albuminuria is a biochemical marker of primary renal damage [31] and a good indicator of NS in animal models [27] . The albumin/creatinine ratio in urine is also used to assess kidney function [28, 32] . In the present study, the animals in the Dox group exhibited alterations in the expression of molecules related to the cell activation (CD80) and migration (CD18) in peripheral blood leukocytes as well as an increase in MDA concentration in kidney tissue, suggesting greater oxidative damage tissue, with a positive correlation found between CD80 expression in monocytes and creatinine plasma levels. The costimulatory molecule CD80 is a transmembrane protein found on the surface of APCs, which have affinity for CD28 molecules on the surface of T lymphocytes [15] [16] [17] . Integrins are ligand-specific transmembrane glycoproteins distributed on the cell surface that play a key role in leukocyte attachment and have an affinity for extracellular matrix, soluble ligands, and counterreceptors on endothelial cells [33, 34] . These integrins form heterodimers with covalent bonds between the alpha and beta subunits, constituting four families [35] . The beta-2 integrin family is comprised of beta subunit 2 ( 2) and denominated CD18, in combination with one of the four alpha subunits: L (CD11a), M (CD11b), X (CD11c), or D (CD11d) [19] . Following injury, chemotactic signals activate the expression of integrins and induce the attachment of leukocytes and their penetration of the vascular wall [20] . Beta-2 integrin binds to intercellular adhesion molecule-1 (ICAM-1) on the surface of endothelial cells [36] . Cytokines and chemokines increase the expression of ICAM-1 on the vascular endothelium surface and activate integrins, inducing cell attachment and diapedesis on the surface of leukocytes [37] . Thus, increased integrin expression is directly related to the cell activation mechanisms and migration [18] .
A reduction in peripheral blood leukocytes was found in the Dox group in the early phase of NS when compared to the control group, with decreased expression of monocyte subpopulations and neutrophils. Such changes may be related to the myelosuppressive effect of acute drug-induced NS, which induces reversible leukopenia and neutropenia [38] . Another possibility would be the early increase in the migratory capacity of activated cells, with the high expression of the costimulatory molecule CD80 and the integrin CD18, especially on the 7th day after doxorubicin injection. We are not able to prove with certainty that the effects of doxorubicin were only due to renal injury and not due to an indirect hematological effect. However, it is very unlikely that the effects of doxorubicin observed in our study were exclusively due to hematological toxicity. We should take into account that, in rats and mice, doxorubicin is very rapidly removed from the plasma after injection and deposited in tissues, especially in the kidney [38] . It is well known that a single and low dose of doxorubicin is sufficient to produce kidney tissue accumulation and histological pattern of focal segmental glomerulosclerosis (see, for review, [39, 40] ). Furthermore, the early presence of macrophages in renal tissue and the association of this finding with renal damage have been well characterized in doxorubicin-induced nephropathy [41] [42] [43] .
MDA concentration in the kidney tissue increased in the Dox group in the initial stage, suggesting greater oxidative tissue damage. Previous studies report the involvement of cytotoxic and phagocytic cells in the development of kidney damage in NS [6, 7, 12] , as the activation of macrophages and neutrophils can result in the generation of free radicals [13, 14, 44] . The change in leukocyte activation and migration may influence the course of NS, with the possible participation of these cells in renal oxidative stress and albuminuria induction in the early stage of the disease. Human patients with NS exhibit increased ROS production in the plasma associated with a reduction in the amount of plasma albumin [9] . In an animal model of doxorubicin-induced NS, increased TBARS production has been found [8] , associated with a reduction in the activity of catalase in renal tissue [11] . Albuminuria and lipid peroxidation have also been associated with kidney damage in doxorubicin-induced NS [10] . The results of the present study reveal peaks in urinary albumin excretion and MDA production seven days after doxorubicin injection, suggesting the possible involvement of ROS in the initial change in the glomerular filtration membrane.
Oxidative damage in the kidney has also been associated with the lower activity of the antioxidant enzymes superoxide dismutase (SOD) and catalase [9] [10] [11] . In the plasma of patients with NS, higher ROS production is related to a decrease in SOD activity [9] . Boonsanit and colleagues demonstrated an increase in plasma levels of TBARS and decrease in catalase levels in renal tissue in rats with doxorubicin-induced NS [11] . Glomerulosclerosis, albuminuria, and lipid peroxidation in renal tissue were found to be more severe in mice deficient in catalase than in wild-type mice after doxorubicin injection [10] . However, in the present study, the increase in renal levels of MDA did not induce significant changes in SOD or catalase activity, although there was a mild elevation in the activity of renal catalase at Day 7. This increased enzyme activity might probably be responsible for the correlation, even though weak, between elevated lipid peroxidation and an antioxidant renal response. This finding may also indicate that the increased MDA production was probably not due to reduced antioxidant activity.
Although the present findings indicate the possible involvement of peripheral monocytes/macrophages in renal oxidative damage and since the literature indicates the involvement of ROS in the pathogenesis of NS [9, 13] , this situation should be evaluated with caution. It is important to consider the action mechanism of doxorubicin, which can also induce the formation of ROS in the kidneys [45] , favoring initial tissue damage. However, one should not underestimate the importance of the immune system, especially the role of monocytes/macrophages, in kidney damage. Research has shown that the macrophage phenotype (either M1 or M2) is directly related to the worsening or improvement, respectively, of kidney damage in doxorubicin-induced NS [4, 5] . Moreover, greater macrophage infiltration in renal tissue in children with NS is related to a worse prognosis [6] .
The expression of CD80 and CD18 in monocytes was higher in the first two weeks and not statistically significant in the fourth week after injection. This monocyte activation has also been demonstrated in previous studies, with the early accumulation of macrophages in the renal tissue using the same animal model for NS [29, 46, 47] . Moreover, a positive correlation has been found between the expression of CD18/ICAM-1 in kidney tissue and local macrophages infiltrate in NS induced by puromycin aminonucleoside, with cellular infiltration kinetics and integrin expression similar in the 2nd week, returning to normal in the 7th week after injection [48] .
The increase in the frequency of peripheral lymphocytes in the early stage of NS occurred for cytotoxic T lymphocytes (CD3 + CD8 + ) and T helper cells (CD3 + CD4 + ). However, CD18 expression was higher in cytotoxic T lymphocytes and NK cells throughout the experimental period, suggesting greater migratory activity, especially after the 14th day. These findings are in agreement with previous studies that report changes in the activity of NK cells [7, 12] and cytotoxic T lymphocytes in patients with NS [12, 49, 50] as well as animals models of doxorubicin-induced NS [2, 3, 51] . Furthermore, proteinuria has been associated with mononuclear cell infiltrate and the expression of CD18 and ICAM-1 in kidney tissue [52] . The greater migratory activity of lymphocytes was also confirmed by the reduction in the frequency of these cells in the peripheral blood 14 days after doxorubicin injection. A previous study detected lymphocytes in the kidney tissue of animals with doxorubicin-induced NS in a later stage following the arrival of macrophages [3] . The increased migration of cytotoxic T lymphocytes and NK cells may also be related to collagen deposition in kidney tissue in the 3rd and 4th week after doxorubicin injection (Figures 1  and 4) .
The increased frequency of lymphocytes in the early phase of NS may have only been a reflection of the reduction in the frequency of monocytes and neutrophils and not an absolute increase in lymphocytes. Likewise, the reduction in lymphocytes on Day 14 may also have only been a reflection of the increase in monocytes and neutrophils. However, the Dox group demonstrated leukocytosis on Day 14, reflecting a possible immune response exacerbation due to kidney damage. In an animal model of glomerulonephritis, it was evident that CD80 plays a detrimental role in kidney disease by promoting CD4
+ survival and proliferation [53] . According to Wilson and colleagues, the CD80 molecule is linked to the activation of NK cells [54] , which could explain the increased expression of CD18 in NK cells in the present study.
The importance of neutrophils to kidney damage in an animal model of doxorubicin-induced NS has been underinvestigated. However, studies have shown greater neutrophil oxidative activity in patients with NS [13, 44] . In the present study, despite a reduction in the neutrophil subpopulation in the initial stage, there was no significant change in CD18 expression. However, neutrophil migration is dependent not only on CD18 [55] , but also on other molecules, such as Pselectin glycoprotein ligand 1 [56] [57] [58] and L-selectin [58] . We are aware of the limitations of our study. Indeed, our findings did not allow us to show causality relation between renal damage and changes in the profile of peripheral lymphocytes associated with local oxidative stress. Alternatively, we have only pointed out to a potential role of increased MDA levels, higher CD18 expression in cytotoxic T lymphocytes, NK cells and monocytes, and higher CD80 expression in monocytes in renal damage induced by doxorubicin. In addition, we did not evaluate temporal changes in macrophage/monocyte numbers, especially in classical macrophages (M-1) and alternative macrophages (M-2) subpopulations, in renal tissue. It is well recognized that macrophages can contribute extensively to renal tissue damage through a number of mechanisms, including their production of proinflammatory cytokines and their T cell stimulatory capacity [42, 43, 59] . Tissue factors determine the phenotype of monocytes/macrophages recruited into the renal tissue, whereas the profile of locally released cytokines regulates the differentiation of mononuclear cells. Th1-type cytokines induce differentiation into classical macrophages, denominated M-1, that produce cytotoxic and proinflammatory cytokines, while Th2-type cytokines induce alternative macrophages, denominated M-2, responsible for the synthesis of anti-inflammatory cytokines [43, 59] . The characterization of the phenotype of macrophages would be important to support the correlation between renal function impairment and MDA levels.
Nevertheless, our findings at least suggest a cell migration profile involving phagocytosis and cytotoxicity at different times in the progression of doxorubicin-induced nephropathy. The intense activation of monocytes in the early stages of NS suggest, at least in part, a potential role for these cells in pathogenesis of kidney damage, which could represent a relationship with oxidative kidney damage, as hypothesized in Figure 4 . Thus, due to the importance of the costimulatory process during the activation of immune cells [53] , characterizing the temporal expression of different molecules related to cell activation and migration may contribute to future immune therapies in renal tissue, thereby preventing the perpetuation of the tissue damage in patients with NS. Further studies are obviously necessary to investigate temporal cellular changes in renal tissue, the precise role of M-1 and M-2 macrophages, and the sequence of local tissue events elicited by doxorubicin-induced NS.
Conclusion
Doxorubicin-induced NS is characterized by the increased expression of CD80 in monocytes and CD18 in monocytes, CD8 lymphocytes, and NK cells, especially in the early stages of the disease. The increased expression of these molecules related to the activation and migration of immune cells may Mediators of Inflammation 9 contribute to the pathogenesis of kidney damage. Moreover, oxidative damage in the kidney was positively correlated with CD80 expression in monocytes and serum creatinine. These findings indicate an association between monocyte activation and kidney damage in NS. Further studies evaluating the blockade of integrins and costimulatory molecules as well as temporal changes on circulating cells populations and possible alterations on the phenotype of macrophages in renal tissue may offer new therapeutic opportunities for patients with NS.
